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[6]. GTPgS binding experiments in
another Drosophila cell line, however,
clearly demonstrated a cyclopamine
reversible coupling of Smo to Gi [7].
Similarly, it was found in endothelial
cells that activation of Gli-dependent
transcription was mediated via Gi and
subsequently PI3K, but not PKA [8].
Taken together, the weight of evidence
suggests that some form of Smo may
indeed signal via G proteins. However,
whether it can be unequivocally
observed may depend on the cell
type or tissue, the timing of the
differentiation state of the cell or
organism as well as a host of other
factors (including species differences).
Some of these inconsistencies raise the
question as to whether more than one
signaling arm may contribute to various
aspects of Smo signaling (Figure 1).
Interestingly, over the last few years,
evidence has accumulated that other
G protein-coupled receptor-interacting
proteins may contribute to Smo
signaling as well. G protein-coupled
receptor kinases (GRK) and b-arrestins
interact with receptors as part of the
desensitization machinery to
terminate G protein-dependent
G protein-coupled receptor signaling
[9]. However, we now understand
that GRKs and b-arrestins not only
serve this role but also act as triggers
for endocytosis of G protein-coupled
receptors and can generate
G protein-independent signaling
complexes such as for engagement of
the ERK and Akt/GSK3 pathways
[9,10]. GRKs and b-arrestins may play
similar roles for Smo. GRKs as well as
b-arrestin 2 have been found to
interact with Smo and facilitate Hh
signaling, both in cells as well as in
animals [11–15]. The underlying
mechanism for this is still the subject
of speculation. One possibility may be
the assembly of a signaling complex
consisting of Smo and b-arrestin 2
similar to the arrestin-dependent
signaling for ERK and Akt [9,10].
However, the fact that Smo needs to
traffic in and out of the plasma
membrane suggests that GRK2 and
b-arrestin could facilitate Hh signaling
by modulating the membrane
trafficking of the Smo complex.
Kovacs et al. [16] have recently
shown that the interaction of
b-arrestin 2 with Kif3A, a motor
protein of the anterograde transport
machinery in cilia, drives Smo into
cilia and enables signaling, thus
illustrating another potential point of
contribution of these molecules to Smo
function [16]. For b-arrestin to
associate with a G protein-coupled
receptor, the phosphorylation of the
receptor by a GRK is indispensable.
Interestingly, the facts that Gbg, which
is a requisite for full activation of GRK2,
is required for Smo phosphorylation by
GRK2 in cells and that also in flies
a GRK enhances Hh signaling [13,14]
bolsters the case for Smo functioning in
many ways like a G protein-coupled
receptor. While there are still numerous
unanswered questions as to how
G proteins or G protein-coupled
receptor-interacting proteins may
contribute to Hh/Ptc/Smo signaling, it
may be useful to consider this
additional perspective in future
investigations on the mechanism of
Hh signaling.
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R127Chromosome Dynamics: The Case
of the Missing Condensin
Condensins are conserved protein complexes that play integral roles in
chromosome dynamics during mitosis and meiosis. Caenorhabditis elegans
has been thought to be unusual in that it appeared to lack a typical condensin I
complex. However, recent biochemical excavating in the nematode has
unearthed the ‘missing’ condensin I complex as well as the worm homologs of
long-lost canonical condensin subunits.
Jason R. Ford and Jill M. Schumacher
The 21st century has been an
extraordinarily exciting time for
biology. Vast amounts of genomic
information have been compiled, and
understanding how the genome is
organized, regulated, and packaged
remains an intriguing challenge for the
scientific community. A significant
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Figure 1. Schematic of theCaenorhabditis elegans condensin IDC, condensin I, and condensin II
complexes.amount of evidence accumulated over
many years of research has revealed
that multi-protein complexes called
condensins play pivotal roles in
chromosome organization and
dynamics.
Condensins are conserved
complexes that function to establish,
maintain, and properly segregate
chromosomes during both meiosis
and mitosis [1–5]. They consist of
a heterodimer of two structural
maintenance of chromosomes
(SMC) subunits, SMC2 and SMC4,
which exhibit ATPase activity,
along with three regulatory subunits,
known as CAPs (chromosome
associated polypeptides), that
confer spatial and functional
specificity to individual condensin
complexes [2,3,6–8].
In yeast, a single condensin
complex has been identified, while
two complexes have been described
in the overwhelming majority of higher
eukaryotes; these are aptly named
condensin I and condensin II [9–11].
Each condensin complex harbors
the same SMC2–SMC4 heterodimer,
while different regulatory CAPs allow
for distinct contributions to meiotic
and mitotic chromosome segregation.
In Xenopus, these CAPs regulate
targeting of the SMC heterodimer to
chromosomes and modulate its
activities in vitro [12]. In humans, the
condensin I CAPs are hCAP-D2,
hCAP-G, and hCAP-H, while
condensin II contains hCAP-D3,
hCAP-G2, and hCAP-H2. The
hCAP-D2/D3 and hCAP-G/G2
subunits each contain a HEAT motif,
a protein–protein interaction domain,while hCAP-H/H2 belongs to the kleisin
family of proteins [2,13,14].
While thought to lack a proper
condensin I complex, Caenorhabditis
elegans harbors a condensin-I-like
complex (condensin IDC) whose
primary function is to modulate
chromosome- and sex-specific gene
expression via dosage compensation;
this has remained an enigma since both
condensins I and II are essential for
mitosis in all other higher eukaryotes
analyzed. The lack of mitotic condensin
I in the worm has been attributed to the
unique structure of their holocentric
chromosomes. Alternatively, an
ancient condensin I complex may have
lost its mitotic function and morphed
into condensin IDC [2,15].
C. elegans has two sexes: self-fertile
hermaphrodites (XX) and males (XO).
X chromosome gene expression is
equalized in the two sexes via binding of
condensin IDC to each hermaphrodite
X chromosome to reduce transcript
levels by one-half, thus equilibrating
hermaphrodite X chromosome gene
expression to that of males [15]. The
nematode condensin IDC complex
includes the SMC2 ortholog MIX-1 [16]
and aC. elegans-specific SMC4 variant,
DPY-27 [17] (Figure 1). The complex
also contains two non-SMC subunits,
DPY-28 [18] and DPY-26 [14,19], which
harbor limited similarity to the human
condensin I subunits hCAP-D2 and
hCAP-H, respectively. However, no
clear CAP-G homolog had yet been
identified in C. elegans. Similarly,
C. elegans condensin II, although
speculated to contain five canonical
subunits, only three — the SMC
orthologs SMC-4 and MIX-1, togetherwith a singular HEAT-motif-containing
CAP, HCP-6 — had been identified [2,8].
To characterize all the subunits of
the C. elegans condensin complexes,
Csankovszki et al. [20], in a recent issue
of Current Biology, performed
a large-scale immunoprecipitation (IP)
of nematode embryonic extracts using
antibodies against known condensin
components. Immunoprecipitation
with a DPY-27 antibody consistently
recovered all four previously known
subunits of condensin IDC, as well as
a previously uncharacterized protein
that appears to encode the missing
CAP-G subunit (Figure 1). Thus, the
subunit content of condensin IDC
parallels that of condensin I complexes
in other species yet maintains
a divergent, sex-specific function.
A parallel set of IP experiments
using an SMC-4 antibody recovered
the previously characterized members
of the C. elegans condensin II
complex: SMC-4, MIX-1 (shared with
condensin IDC), and HCP-6 (Figure 1).
Importantly, a protein homologous to
the hCAP-G2 subunit, dubbed CAPG-2
[9], as well as a previously
characterized CAP-H2 homolog,
KLE-2, a kleisin protein whose
depletion impairs chromosome
segregation [14], were also uncovered.
Surprisingly, not only were the set of
condensin II CAPs recovered in the
SMC-4 IP, but the three condensin IDC
CAPs also appeared to interact with
SMC-4. Based on these data,
Csankovszki et al. [20] hypothesized
that C. elegans has a third,
uncharacterized condensin complex
that differs from condensin IDC by
only one subunit: instead of the
condensin IDC DPY-27, the new
condensin complex contains the
SMC-4 protein (previously found in
the condensin II complex; Figure 1).
Additional IP experiments confirmed
that SMC-4 interacts with condensin II
subunits as well as condensin IDC
subunits. These results suggested that
Csankovszki et al. [20] had stumbled
upon the long lost nematode
condensin I complex.
To further characterize each
condensin complex, Csankovszki et al.
[20] used immunofluorescence to
compare their association with
chromosomes during the cell cycle. In
young hermaphrodite embryos prior to
dosage compensation, DPY-27,
a representative of condensin IDC, is
present in interphase nuclei and is not
associated with mitotic chromosomes.
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undergoing dosage compensation,
DPY-27 localizes to both X
chromosomes, but is not present on
the single X in males. Comparison of
this DPY-27 localization pattern with
CAPG-1 revealed differences
consistent with the finding that CAPG-1
is present in two distinct complexes,
condensin I and condensin IDC . While
both DPY-27 and CAPG-1 were
associated with X chromosomes in
hermaphrodites, CAPG-1 also
localized along condensed mitotic
chromosomes in both sexes, a pattern
not shared by DPY-27. In addition,
although both DPY-27 and CAPG-1
accumulate in growing oocytes,
CAPG-1, along with DPY-26 and
DPY-28, were present throughout the
germline [19]. In contrast to both
CAPG-1 and DPY-27, the condensin II
subunit KLE-2 localized along the outer
face of mitotic chromosomes,
indicating that all three condensin
complexes have distinct localization
patterns, indicative of unique
functions.
Since the dosage compensation and
condensin I complexes share all but
one subunit, DPY-27, the authors
reasoned that the functional
contribution of the condensin I
complex could be gleaned from unique
phenotypes found upon the depletion
of DPY-28, CAPG-1, or DPY-26
compared with loss of DPY-27. Indeed,
loss of any one of these proteins
disrupted dosage compensation,
whereas chromosome segregation
defects were also detected when
subunits common to both complexes
were depleted via RNAi. In contrast,
dpy-27(RNAi) led to no discernible
segregation errors [20].
Overall, Csankovszki et al. [20] have
provided substantial and compellingSexual Selection: S
Element Encourage
Selfish genetic elements are ubiquitous
eukaryote reproduction and evolution.
shows that such elements could also p
Oliver Y. Martin
It is now recognized that genomic
conflicts can rage within all organisms.evidence that they have solved the
mystery of the missing C. elegans
condensin I complex, refuting the
notion that the worm had lost its mitotic
condensin I over evolutionary time.
Interestingly, they found that
condensin I differs from condensin IDC
by only one subunit, and that this is
enough to confer a radically different
localization and functionality to each
complex. How a single subunit can
have such dramatic effects opens
a new case file for chromosome
detectives everywhere.
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known to be widespread features of
eukaryotes [1]. These diverse elements
use manipulative strategies to
maximize their own transmission
relative to competing genome
components, often undermining the
organism’s fitness in the process. For
maternally inherited elements such as
the bacterial reproductive parasite
Wolbachia, transmission can be aided
by biasing sex ratio in favour of
females, for instance by eliminating
